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ABSTRACT presence of the wall, both if the wall is hard and if it

) ] _has an acoustic lining, affects the characteristics of
The pressure disturbances generated by an instabilitye instability waves that govern both the mixing in
wave in the shear layer of a supersonic jet are studhe high speed shear layer and the noise generation.
ied for an axisymmetric jet inside a lined cylindrical  Stability analysis was used by Tam and'Ho
duct. For the supersonic jet, locally linear stability study the supersonic mixing layer inside a rect-
analysis with duct wall boundary conditions is usedangular channel with hard walls. In addition to
to calculate the eigenvalues and the eigenfunctionshe Kelvin-Helmholtz (KH) instabilities, they found
These values are used to determine the growth ratéfom using a vortex sheet model that the coupling of
and phase velocities of the instability waves and thehe unsteady motion with acoustic modes reflected
radial pressure disturbance patterns. The study ifom the walis resulted in a new family of supersonic
confined to the dominant Kelvin-Helmholtz insta- jnstabilities with supersonic convective Mach num-
bility mode and to the region just downstream ofper. The analysis also included the effects of shear
the nozzle exit where the shear layer is growing butayer thickness on the spatial growth rates of two-
is still small in size compared to the radius of thegnd three-dimensional supersonic instability waves.
duct. Numerical results are used to study the effectghuang et af. showed for a constant shear layer
of changes in the outer flow, growth in the shearthickness that the walls most affected the shear layer
layer thickness, wall distance, wall impedance, angnstability when the convective Mach number was
frequency. Results indicate that the effects of theyreater than one. As the distance between the walls
ductwall on shear layer growth rates diminish as thejecreased, the maximum amplification rate reached
out_er_flow_mcreases. Also, wall _reflectlons causea maximum value and then decreased. The stability
variations in growth rates depending on wall heightcharacteristics for subsonic convective Mach num-
and Strouhal number. These variations are due tger waves were unaffected by wall height. Others
the phase relationship between the outgoing and theave found similar results for shear layers in a rect-
reflected incoming pressure disturbances at the sheghgular channel¢
layer. The growth rate variations can be reduced and The stability analysis has been performed for a
the maximum growth rate minimized by keeping thecylindrical supersonic vortex sheet inside a cylindri-

imaginary part of the impedance negative. cal duct with hard wallg:"~ Viswanathah showed
how the KH instabilities for a/; = 4.0 jet with no
INTRODUCTION outer flow were affected by the wall height. The ef-

- . . fect appeared as oscillations in the growth rates due
_ A confining wall affects the supersonic jet mix- tq interaction between the internal Mach wave sys-
ing layers that are associated with combustion protem of the jet and the reflected waves from the wall
cesses, engine tests conducted inside an encloseds the wall moved closer to the vortex sheet. Fur-
facility,” and jet noise reduction effortsin the cir-  thermore, the KH mode had growth rates typically

cular configuration considered for this paper, thenigher than the supersonic instabilities. Chang and
supersonic jet issues from a nozzle that has its axig ¢ found similar results for al; = 4.5 jet with

coincidentwith the centerline of a surrounding cylin- o different outer flows)z, = 4.06 andi, = 1.56.

drical duct. Between the jet and the confining wall |t \was also shown that the axisymmetric KH mode
of the duct, a lower speed outer flow exists. Thegrowth rates decreased as the outer flow velocity in-
shear layer between the two flows is initially thin creased relative to the inner flow velocity. When
and unstable. This instability grows like a wave asshear layer thickness was included in the analysis,
the flow moves downstream. As a result, this instayne growth rates for the instabilities were diminished
bility wave generates perturbations that propagat@ng the presence of the hard wall had a greater affect
away from the shear layer. Those perturbations thain KH mode growth rates than on supersonic mode
propagate toward the wall can reflect off it and re-growth rates.

turn toward the shear layer to interact and modify™ {3 recently studied the effects of two paral-
the growing instability in the shear layer. Thus the
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lel walls with sound absorbing lining on a two- ity. An instability wave begins to grow rapidly and

dimensional jet confined inside a rectangular ductcontinues to grow at reduced rates as the shear layer

The analysis was performed for two-dimensional in-spreads. During this process, pressure disturbances

stability waves with mean flow conditiong; = 2.0,  created by the instability propagate away from the

M, = 0.2, andT;/T, = 4.0. Using a vortex sheet shear layer toward the wall, reflect off the wall, and

model, the lined walls were shown to be most effecteturn to interact with and modify the instability

tive when the phase velocity was supersonic relativevave in the shear layer. This process is assumed to

to the outer flow and when the pressure eigenfuncbe governed by the linearized, inviscid, compress-

tion showed large perturbations near the wall. Inible equations of motion.

general, growth rates were reduced when the wall

impedance was finite. A continuous mean flowDisturbance Equations

model based on a hyperbolic tangent function was .

used to include the effects of shear layer thickness, FOr & supersonic jet, the shear layer grows slowly

For the instability wave with the largest growth rates,n the axial direction. This allows a locally parallel

the increasing shear layer thickness resulted in lowelfOW @pproximation to be used to obtain the solution

growth rates. Also, the presence of a lined wall wadOr the disturbance quantitiésThe fluctuating dis-

more effective in reducing growth rates than a hargurbances are represented as waves traveling through

wall. a nonuniform medium. As an example, the pressure
In this paper, we extend the study of the effects of listurbances are given by

confining wall with sound absorbing lining on shear ;. g . ) = p(r, )

layer instability waves to the cylindrical duct case. .

Many variables are available to study including the 7

inner jet stream velocity and temperature, the outer X exp [l (/ ax) dx +nb — wt) ] 1)

stream velocity and temperature, the axial location, 0

the jet shear layer width, the duct wall height, the e

wall impedance both real and imaginary parts, andvheren(r, ) represents the radial distribution of the

the frequency. By necessity, we must limit our pre-Pressure disturbance at each axial locatigm,) is

sentation of results. The jet Mach number is fixedt"€ 10cal complex wave numbet & a + ia; and
—a; IS the local growth rate) is the azimuthal an-

at 2.0 with a temperature ratigy /7, = 2.0. We ggle, n is the mode number, anekp(—iwt) is the

are primarily interested in the application of acou > .
tic wall treatment in an ejector designed to reducd!@menic time dependence. The other disturbance
antities have the same form. The linearized equa-

supersonic jet noise. Inside the ejector, a shear lay ing the disturb b bined
between the two flow streams exists only for a shor{'0Ns governing the disturbances can beé combine
0 obtain a single equation called the compressible

distance downstream of the nozzle exit before th leigh G
two flows more fully mix together. Consequently, ~&Y'€1gh equation,
the results presented herein will be confined to small 2 . [1 2% &7 1 %]

9
or

shear layer widths near the nozzle. Thus, this study %
concentrates on the effects of wall treatment on the "
initial growth characteristics of the shear layer. We

will only consider the Kelvin-Helmholtz type mode

in this study since it is the dominant instability for __ ) ) i .
both the free and confined jets at the above flowThis equation has been nondimensionalized as fol-
conditions. The next section describes the formulows: spatial coordinates bi;, time and radial
lation of the instability wave model using a finite
impedance boundary condition. The model is used
to determine the growth rates and phase velocities of |
the instability waves that govern the pressure distur- h

bance pattern generated by the jet shear layer. This

: . ; ; — U, T, M
is followed by a presentation and a discussion of the oo
numerical results. h
’  &
INSTABILITY WAVE FORMULATION

A cross-section of the model configuration fora - L. - - . S
supersonic axisymmetric jetinside a cylindrical duct X
is shown in Figure 1. The high speed flow emerging_ o i
from the nozzle with velocityy; and static tem- ~Figure 1. Schematic diagram in the- plane of an
peratureT; has an initially thin shear layer that is axisymmetric jet flowing into a cylindrical duct with
inherently unstable even in the absence of viscoscoflowing outer stream.

r w—oaudr por
2
+[ﬁMf(w—aﬂ)2—:—2—a2]p:O. 2

r
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frequency byu;/R;, velocity by U;, density byp;,  casé® and asz — o, the wall becomes acoustically
and pressure by;U? where the subscrigtindicates hard and equation (9) reducesto the appropriate form
jet exit conditions. To solve this equation, the radial B (ixk) /H?' (iAk) as found in Ref. [9].

variation of the mean flow velocity and densityp Equation (2) and its boundary conditions create an
must be known quantities provided from either aneigenvalue problem with eigenvalue The center-
analytic expression or a numerical calculation.  line boundary condition at= 0 depends on whether

The general solution to equation (2) at any axialthe pressure eigenfunction is either axisymmetric,
location is written n = 0, Or non-axisymmetricp # 0. In equation

form, this is written as
p(r) = A (r) + BE(r) 3) 5

using unknown functions with radial variations. 3% =0,n=0 (10)
Outside the jet, the mean flow becomes uniform and p=0,n#0.

equation (2) takes the form of Bessel’'s equation

The solution can be readily written as A finite difference approximation is used to dis-

cretize equation (2). To incorporate the outer bound-
po = ALHW (iXa)r) + B.HP (iA()r)  (4)  ary condition, the constant, must be eliminated
" " from equation (8). This is done by using a ratio
where of the disturbance pressures at the two outer grid

o) = [0 M2 —aw, V2. (5) PO

) @)

Widrny1) — CHD (ixr
#{" is a Hankel function of the first kind. It repre- 22 = ((1) ,NH) () (2)(, e
sents a wave outgoing from the shear layer toward ¥ n (@Arn) = C(RH ((Ary)

thewall. 7.” is a Hankel function of the second kind where v is the number of grid spacings. The lo-

and represents the wave reflected from the wall. Agal eigenvalue is found from the resulting diagonal

r — 0, equation (3) must be finite. matrix using a Newton-Raphson iteration for refine-
Atthe wall, the continuity of particle displacement ment. The local eigenfunctiop(r, ), is then de-

is used as the boundary conditibiThe kinematic termined within a constant using the inverse power

equations are combined in terms of pressure to getmethod. During this latter calculation, the eigen-

iv 7% 9 function is normalized at the point where the axial

d Po _ (6) mean flow velocity gradient is a maximum in the

po piU; Or radial direction.

where Z* is the dimensional acoustic impedance.

The acoustic impedance is usually referenced to d€an Flow

typical density and speed of sound. We use ambient In order to complete the stability analysis, the
conditions for density, and speed of soungl to  mean flow properties are needed. Often equations

(w — aTy)?po +

get consisting of simple analytic functions are used to
z =1 7 describe the mean flow. However, in order to easily
piU; — \ paﬁj @) account for the effects of velocity and temperature

differences across the supersonic jet shear layer on
shear layer spreading, a numerically generated mean

tion for th Il treat A diton is based flow is used. The jet is assumed to be perfectly ex-
lon Tor the ;’V"" I rea mtr—.jn (t:)on |d|on ISS gs,?t tgnd)anded and for the region of interest near the nozzle,
assuming a locally reacting bounaary. Substitulingpe static pressure is assumed to be constant. The set
eqguation (4) into equation (6) and evaluating the re

; . \ ; ‘of compressible, Reynolds averaged, boundary layer
sulting equation at the radial locatianof the wall 4 ations with a modified turbulence model is used
for the unknownB,,, we get the equation

as the basis for the numerical mean flow analysis.
The details of the equation development, the numer-
ical solution, and comparisons of calculated results
to measured mean flow data are given in Ref. [11].

where Z = Z*/p,c, IS the specific acoustic
impedance of the wall treatment. This formula-

po = A, [HO(3r) - P @3] @©)

where
NUMERICAL RESULTS

(w— T, 2 HY (iAh) — %HS)'(MM
C(h) = Po i The calculations were performed for a jet with
(W — o, )2 HP (iAh) — WLZ\/E @ria\py  exit Mach numbens; = 2.0. The jet was hot rela-
PoM; tive to the outer stream with; /T, = 2.0. The outer
_ _ o , (9)  stream had the same static temperature as the am-
is obtained after substituting, back into equation pjent conditions for the source of the outer stream.
(4). Ash — oc, equation (8) reduces to the free jet The velocity ratio between the outer stream and the
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Figure 2: The integrated instability wave amplitudes  **  *“cuifome "% "7 P
to the free jet shear layer half-widih= 0.2. Modes:
)n=0;(~---)n=1,(———)n=2. Figure 3: Local growth rate contours as a function

Outer flow: thick lines )M, = 0.03; thin lines, M, = of h andsSt for then_: 1 mode of anM; = 2.0 jetin
0.6; peaks shown foh, = 0.1to0 0.5. a hard wall cylindrical ducty = 0.05. Outer flow:

M, =(a)0.03; (b) 0.1; (c) 0.3; (d) 0.6. Phase veloc-
ities supersonic relative to outer flow and subsonic
inner jet stream was varied from 0.01 to 0.21 result+elative to inner flow except inside thick dashed line
ing in outer stream Mach numbeig, of 0.03 and (subsonic re. outer flow) and inside thin dashed line
0.1 to 0.6 in increments of 0.1 for a total of seven(supersonic re. inner flow).
operating conditions.
In addition to the flow conditions, the frequengy

in equation (2) must be given. A study of the insta-yq those growth rate characteristics calculated for a
bility wave amplitudes for a free jet shear layer cal-cyjingrical vortex sheet.These growth rate oscilla-
culated from the nozzle to the downstream locationjong are due to the location of the wall relative to the
where the shear layer half-widgfs 0.2 shows peak  gianding wave like pattern resulting from reflecting
amplitudes for the: = 1 andn = 2 helical modes  ressure disturbances interfering with the pressure
in the Strouhal number rangs{(= w/w = fD;/U; _ disturbances generated by the shear layer instability.
whereD; = 21t;) between 0.2 and 0.3, see Figure 2. a5 an example, Figure 4(a) shows the changes in
As the outer flow Mach number increases, the peane radial distributions of the wave modes for the

wave amplitudes increase and shift slightly to highefyca maximum and minimum growth rates as the
Strouhal numbers. Thus, the calculated results wil{y4 height changes fos¢ = 0.45 in Figure 3(a). To
be shown for Strouhal numbers in this peak regionjygicate the relative amplitude of these modes, the
In addition, the results presented in this paper willagja| distributions are multiplied by their respec-
be for then = 1 andn = 2 instability wave modes e |ocal growth rates and then normalized by the
since they are clearly more dominant thanihe 0 growth rate at, = 1.65. Local nodes and antinodes
axisymmetric instability wave mode. occur that are due to the interference between out-
going and incoming reflected disturbances. The to-
Hard Wall tal pressure disturbance amplitude is always a local
The instability wave growth rates near the noz-maximum at a hard wall. As the reflected distur-
zle exit are first examined for the hard wall casebance interacts with the shear layer, the growth rate
as a function of the Strouhal numbgr, the duct can be enhanced or reduced. Figure 4(b) shows the
wall heightk, and the outer stream Mach numberoutgoing and the incoming pressure disturbance pat-
M,. Figure 3 shows growth rate contours at severaterns separately (note that the pressure disturbance
outer stream Mach numbers for the- 1 mode asa reflects in phase at the wall). The major difference
function of wall height and Strouhal number at thebetween the instability wave having a local maxi-
axial location where the shear layer half-widtis  mum growth rate or a local minimum growth rate is
0.05. ForiM, = 0.03, the growth rates oscillate as the phase relationship between the outgoing and in-
both the wall height and Strouhal number changeoming disturbances. For a local maximum growth
becoming large near the lower wall height and therate, the phase differences between the incoming and
largest Strouhal number. This behavior is similarthe outgoing disturbances just outside the shear layer
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are —148.5°, —152.6°, and —152.6° when the wall eral trend is toward lower maximum growth rates
heights are 1.65, 2.70, and 3.75, respectively. Théor St < 0.45. This latter trend was observed in
phase differences for a local minimum growth ratecalculated results for both free jets with a coflow-
ares2.4° for h = 2.33 and66.7° for 4 = 3.38. Thus, ing stream? and confined cylindrical vortex sheéts.
the pressure disturbances are more out of phase fde largest growth rate within the calculated region
a local maximum growth rate than for a local mini- for each of the four flow conditions in Figure 3 oc-
mum growth rate. curs atSt = 0.45 and at a lower wall height. The
As M, increases, the variations in the growth rateradial distributions for these growth rates are shown
contours in Figures 3(b) to (d) decrease and the gerin Figure 5 along with the largest growth rate results
for the other three flow conditions. The relative de-
crease in the amplitude of the modedsincreases
@ ®) is shown by normalizing the radial mode distribution
40 using the local growth rate. The radial distribution
’ is multiplied by its local growth rate and then nor-
? malized by the local growth rate at, = 0.03. The
decrease in amplitude is due to the change in the
>\ direction of the disturbance wave vector as the flow

A
3.0
SEN

~20 /

n N increases. From equation (1), we can define a phase
s function for a disturbance wave
0'00‘0/ 02 04 06 08 10 12 0 0 -1 0 1 0 0 @ZS(F)—UJt (12)
|pla/a(h = 1.65) Real (p)
where
Figure 4: Radial distribution of wave modes for @
conditions in Figure 3(a)St = 0.45. (a) Pressure g '
magnitudes for different wall heights normalized S(r) = enlidr) +‘ a(x)dx+n8  (13)
by a;(h = 1.65) = —1.1762. ) h = 1.65; 0
(-eee-e YVh=233(-— = )h=270;(— - —)h= N : ),
S S andq, (iXr) is the real phase function faf,’ (i\r)
gii%ﬂr(bance )E h= 3‘)78'ut(§3ir|?§.a(| part 0; ip;]rggrsntfre in the case of an outgoing disturbance wave. To
ing ' ' follow the local wave front@ in equation (12) must
: remain constant and following Goldstéihan in-
cremental change i to lowest order is
20 i) 1 VS - dF = wdt. (14)
! : . . .
i / / // ; From this equation, the unit normal to the wave front
S e is defined byw S/|V S| with components
15 ‘.‘. e - ]
o _9S _ dpn
VS =50 = o
- 19SS n
10 f ] == == 15
VSl = 255 =~ (15)
©sl, =2 = q,
o5 | ] Oz
and with direction cosines
1 O¢n
L L L L L L COS (z)r = Tval Aa.
%% 0.2 0.4 0.6 0.8 1.0 1.2 |V15| or
[pla/a(M, = 0.03) 5 s — n 16
cos gy 9| r (16)
Figure 5: Radial distribution of = 1 wave modes 08 b = Qo
at maximum growth rate witls¢ = 0.45 for an VS
M; = 2.0 jet in a hard wall cylindrical duct) = _ : :
0.05. Normalized bya;(M, = 0.03) = —1.1762. Using these results, we determine from the eigen-
( ) M, = 0.03, h = 1.65; (= — — =) M, = function results in Figure 5 that the wave front di-
0.1, h = 165 (———) M, = 0.2, h = 1.73;  Tectiong, changes on average frosn.00° & 0.05°
(—-—) M, = 03, h = 1.80, (mmmm) M, = 1042.75° = 0.38° as the outer flow Mach number

0d, h = 1.88, (mmwmwm) M, = 0.5, h = 2.03; increases from 0.03t0 0.6. The lower angle means
(o = ) M, = 0.6, /2 = 2.10. ' ' the wave vector points more towards thexis in
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the downstream direction and less of the reflectindations were performed over the designated regionin
disturbance returns to the shear layer to have anthe impedance plane. To compare this large number
effect. As a consequence, the growth rate and thef calculated results, we chose to compare growth
mode shape are approaching that of the free jet amtes affected by the presence of a wallimpedance to
M, increases. the growth rate of a free jet shear layer. The growth
Finally, the regions of supersonic or subsonic rel-rates were mapped on to the impedance plane and
ative phase velocity are demarcated by dashed linesontours were drawn through the data correspond-
in the plots of Figure 3. For a phase velocity supering to the free jet growth rate; thus, marking the

sonic relative to the inner stream jet velocity, boundary between regions where the growth rate
1 was higher than the free jet growth rate and regions

11— cpn] > —, (17)  whereitwas lower. Examples are shownin Figure 6.

M; Each part of the figure shows seven contours corre-

and for a phase velocity supersonic relative to thePonding to the free jet growth rates for the seven

outer stream,
uO

[To — cpn| > i (18)
wherec¢,, = w/«, is the local phase velocity of
the instability wave. In Figures 3(a) and (b), the
phase velocities are all supersonic relative to the
outer flow. A small portion of the growth rate plot
becomes subsonic relative to the outer flowat=
0.3 (lower left of part (c)). This region increases in
size asM, increases as seen in part (d). In the small
regions outlined by the thin dashed lines in parts (a)
to (c), the phase velocities are supersonic relative to
the inner flow. Most of the growth rates lie in the
region where the phase velocity is subsonic relative 1
to the inner flow. The most important results for ;|

@ 0

Imag(2)
Imag(2)

the wall to affect the shear layer growth rates is that oo 1o 20 oo 10 20
the phase velocity be supersonic relative to the outer Real(2) Real(2)
flow, especially when the wall has acoustic linihg. ©) (d)

The flow conditions chosen meet the criterion of
having the phase velocity supersonic relative to the
outer flow when lined walls are present.

Lined Wall

It has been previously shown that instability wave
growth rates decreased as the real part of the walls
impedance decreased toward one for a fixed imagi-£
nary part and wall heighitWe confirmed this behav-
ior for the cylindrical duct case with similar operat-
ing conditions and impedance boundary conditions.
In this paper, we present results for a range of wall
impedances that are found in many practical appli- ]
cations. The real part of the impedance is always -204+—+—F— ———
positive with values chosen to be between 0 and 2. 00 1o 20 00 1o 20
The imaginary partis either positive or negative with Real(2) Real(2)
values between-2 and 2 chosen for study. These
impedance values are realizable with practical sounéfigure 6: Local growth rates for the = 1 mode

Imag(2)

absorbing materials. of an M; = 2.0 jet in a lined cylindrical duct,
h = 2, St = 0.2. Contours in the impedance
Growth Rates versus Impedance plane for: (a)b ~ 0.0; (b) b = 0.05; (c) b = 0.10;
(d) b = 0.15. Contours for free jet growth rate
The initial growth rates of the = 1 shear layer at M, = 0.03 (----) and M, = 0.1 to 0.6

instability wave modes were calculated for a wall (= ) following arrow. Arrow points from re-
height = 2 and a Strouhal numbest = 0.2. With ~ gion where growth rates lower than free jet to region
seven outer flow conditions, a large number of calcuwhere growth rates higher than free jet.
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outer flow conditions at a fixed axial location deter-imaginary impedance values, outside the impedance
mined by the jet shear layer half-width. The arrowsrange shown, ag increases and a movement of the
point in the direction that the contour moves with in- smallest growth rate point into the region from more
creasing outer flow Mach numbgf, and pointinto  negative imaginary impedance values. There may
the region of higher growth rates. Ag, increases, be more local maximum and minimum growth rate
the region of higher growth rates decreases in sizpoints that lie outside this region of the impedance
and as the shear layer half-width increases, this argaane. Even though the region of increased growth
expands especially at lowef,,. rates get larger as increases, the range of those

Figure 6 only shows the separate regions in theyrowth rates decrease as shown in Figure 7(b). The
impedance plane between regions with growth ratemcreasing outer flow decreases the range even more
higher or lower than that of the free jet. Figure 7 until for the A7, = 0.6 growth rates in the impedance
shows the range of those growth rates. For eacplane of Figure 8(d), there is only a 10% change
shear layer half-width location, the figure shows
the largest growth rate, the smallest growth rate,
and the free jet growth rate within that calculated
region of the impedance plane. Asincreases,
the growth rates generally decrease andiasin-
creases, the growth rates decrease and the range of
increased growth rates, the difference between the
largest growth rate and the free jet growth rate, also
decreases. The largest growth rates shown in Fig-
ure 7 lie along the imaginary axis of the impedance _
planes in Figure 6 near the center of a circle thats
approximates the shape of the free jet growth rates

contours.

Figure 8 shows how the free jet growth rate con-
tours change in the impedance plane when the duct
wall height is changed with = 0.05, St = 0.2, and
n = 1. The duct wall height, starts at 1.6 and pro-
gressesto 2.0, 2.5, and 3.0. /A& 1.6, the contours
change location a small amount. Asincreases,
the contours unfold creating larger regions of higher Real(@) Real(@)
growth rates. The contours at lowerare circular (©) (d)
in shape, wrapping around the point of the largest 207
growth rate. The contours unfold agncreases until
they start to wrap around the point of the smallest
growth rate. This also may be viewed as a movement
ofthe largest growth rate point toward larger positive

(@) (b)

Imag(2)

— T — T T
1.0 2.0 0.0 1.0 2.0

Imag(2)
Imag(2)

@ )]

— T T — T
0.0 1.0 2.0 0.0 1.0 2.0

Local Growth Rate Local Growth Rate

Real(Z) Real(Z)
0.0 01 02 03 04 05 06 00 01 02 03 04 05 06 Figure 8: Local grOV\/th rates for th}@ =1 mode
M, M, of an M; = 2.0 jet in a lined cylindrical duct,

b = 0.05, St = 0.2. Contours in the impedance
Figure 7: Range of local growth rates for condi- plane for: (a)k = 1.6; (b) h = 2.0; (C) h = 2.5;
tions in Figure 6. =) free jet growth rate; (d) &+ = 3.0. Contours for free jet growth rate
(== == =) largest growth rate;=(= = =) smallest at M, = 0.03 (-~---) and M, = 0.1 to 0.6
growth rate. (ap ~ 0.0; (b) b6 = 0.05, thin lines  ( ) following arrow. Arrow points from re-
correspond to conditions in Figure 8; (€)= 0.01;  gion where growth rates lower than free jet to region
(d)b=0.15. where growth rates higher than free jet.
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(b)

from smallest to largest growth ratestat 3.0.

The results for the = 2 helical mode afsi = 0.2
follow the same trends as those seen forithe 1
mode above though with generally higher growth
rates. An example of the calculated growth rate re-
sults in the impedance plane is shown in Figure 9
in terms again of the free jet growth rate contours.
These plots fob = 0.05 andh = 2 should be com-
pared to then = 1 results shown in Figures 6(b)
and 7(b).

Calculations were also performed at a Strouhal 20 i) e
number of 0.3, a duct wall height of 2, and a shear ' el ' el
layer half-width of 0.05. The free jet growth rate
contours are shown in Figures 10(a) and (b) for theg 15 |
n = 1 andn = 2 modes, respectively. The corre- § 28/
sponding growth rate ranges as a functionffare 04 | o
shown in parts (c) and (d). Note the similarity be- € 02¢____--" . .  4¢ .
tween Figures 10(a) and 8(c). The duct wall heights™ 00 01 02 03 04 05 06 00 01 02 03 04 05 06
and Strouhal numbers for these two cases are such M: Mo
that S¢(h — 1) is a constant. This indicates that an _. )
important length scale near the nozzle may be the jdfigure 10: Local growth rates of am; = 2.0
radius to duct wall distance. However, the growth/€t in a lined cylindrical duct) = 2, St = 0.3,
rates may be higher and the range of growth rate4 = 0-05. Contours in the impedance plane: (a)
is certainly larger for thest = 0.3 case than for the » = 1 (b) n = 2. Contours for free jet growth

= 0.2 case, compare Figure 10(c) to Figure 7(b)'até atd, = 0.03 (- — ——) and M, = 0.1 10 0.6
\?Vtith }?: 25, P g ©) g ( )( ) following arrow. Arrow points from re-

gion where growth rates lower than free jet to re-
Growth Rates versus h and St gion where growth rates higher than free jet. Range
of local growth rates: (ch = 1; (d) n = 2.

The previous results fixed the geometry and flow(_h) free jet grovvth”rate; = p =) largest
parameters and explored shear layer growth rates E0Wth rate; & = = =) smallest growth rate.
a function of the wall impedance. Next, we select a

Imag(z)
Imag(Z)

ate

ocal Growth

@ wall impedance and calculate the growth rates as a
20— function of wall height and Strouhal number. Using
] the results ford/, = 0.3 as an example, Figure 11
shows growth rate contours for a set of impedance
values. In the horizontal direction from left to right,
the real part is 0.4, 1.0, and 1.5 and in the verti-
gi i 1 caldirection from bottom to top, the imaginary part
02 L ] is —0.8, 0.0, and 0.8. At = 4.5, the growth rate
contours on all the plots in the figure are nearly the
same and mostly vertical indicating that the growth
rates are about the same as the free jet growth rates
since the effects of reflections are negligible. /As
00 10 20 decreases, the effects of the lined wall on growth
Real® rates first appear at higher Strouhal numbers and
_ then progress to lower Strouhal numbers. The ef-
Figure 9: Local growth rates for the = 2 mode  fects are larger, meaning higher maximum growth
of an Af; = 2.0 jet in a lined cylindrical duct, rates and larger variations in growth rates as the
h =2, St =02 b =005 (a) Contours in the all height changes, when the imaginary part of the
impedance plane for free jet growth rate)ddf =  jmpedance is positive and for smaller real parts of
0.03(----)andM, = 0.1t0 0.6 (———) fol- the impedance.
lowing arrow. ~Arrow points from region where  \when the outer flow changes, the previous results
growth rates lower than free jet to region wherehave shown that the growth rate changes for each
growth rates higher than free jet. (b) Range of lo-wall impedance. If we now fix the wall impedance
cal growth rates. =) free jet growth rate; at the extremes of effect in Figure 11, thatds=
(m= == ==) largest growth rate;=(= = =) smallest ¢ 4 0.8 where there were large variations in growth
growth rate. rates andZ = 1.5 — 0.8 where there were small

1.0
0.8

Imag(2)
Local Growth Rate
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Figure 11: Local growth rate contours as a functiork@nd St for then = 1 mode of aniZ; = 2.0 jet in
a lined cylindrical ductp, = 0.3, b = 0.05. (8) Z = 0.4 +40.8; (b) Z = 1.0 +40.8; (C) Z = i 5+ i0.8; (d)
Z=04;)2Z2=10,(f) Z=1.5,(9) Z=04—140.8; (h) Z =1.0—i0.8; (i) Z = 1.5 —i0.8.

variations in growth rates, the effects of externalFigure 12 shows generally increased growth rates
flow on growth rates can be shown as a functionas the wall height decreases when compared to the
of wall height and Strouhal number. These resulthard wall cases. We find the opposite or generally

are shown in Figures 12 and 13. The four flowdecreased growth rates when Figure 13 is compared
conditions shown in each figure a¥¢, = 0.03, 0.1, to Figure 3.

0.3, and 0.6. Th&{, = 0.3 results are the same as

shown in Figure 11. Thus, we see with lowsef, CONCLUDING REMARKS

that there are much larger variations in growth rate
and less variations a, increases above 0.3. The
generaltrendsin growth rates discussedipr= 0.3

in Figure 11 also occur at the higher and lower oute
flow Mach numbers. Figures 12 and 13 can also b
compared to the hard wall results shown in Figure 3

For a hard wall confining duct, this analysis con-
firmed that the growth rates of Kelvin-Helmholtz
type instability waves were affected by wall height
hen the waves had phase velocities supersonic rel-
tive to the outer flow. The results presented here
agreed with previous calculated results for the cylin-
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drical vortex sheet case in a hard wall duct where the
growth rates generally decrease with an increase in
the outer flow? However, as the wall height and

Strouhal number change, the growth rate oscillated

4.5 4.5

@
0
@
0
L

Duct Wall Height

~
&
Duct Wall Height

N
@
L

4.5

@w
@

Duct Wall Height
N
&

Duct Wall Height

4.5 4.5

@w
@
w
@

between local minimums and local maximums. The
range between minimum and maximum decreased
as the outer flow increased. The phase relationship
between the outgoing disturbance and the reflected
= incoming disturbance was a factor in determining
Yok ol ok ok s ok o om o o if the growth rate was a local minimum or a local
st EO',)” maximum. The phase difference was approximately
T r T —150° just outside the shear layer for a local maxi-
ofoop ofo 00 opo oS mum growth rate and approximatedy° for a local
minimum growth rate. As the outer flow increased,
it was shown that the pressure disturbance wave vec-
tor shifted toward the downstream direction, so that
for a fixed wall height less reflected disturbance af-
( fected the growth rate. Further analysis using the
: : : T N : : : wave vector would reveal direction and level of dis-
somanamer " e+ turbance energy.
The calculated results for the initial growth rates
Figure 12: Local growth rate contours as a functionfor a jet shear layer in a lined duct were presented for
of » and St for then = 1 mode of ani/; = 2.0  changes in wall impedance, wall height, outer flow,
jet in a lined cylindrical duct withz = 0.4 + 0.8,  frequency or Strouhal number, and mode number.
b = 0.05. Outer flow: M, = (a) 0.03; (b) 0.1; (c) With all conditions fixed except for variations in the
0.3; (d) 0.6. Phase velocities supersonic relative tavall impedance, the growth rate could be made to
outer flow and subsonic relative to inner flow exceptincrease above or decrease below the growth rate for
inside thick dashed line (subsonic re. outer flow) andhe free jet. Withinthe region oftheimpedance plane
inside thin dashed line (supersonic re. inner flow). used in the calculations, a maximum and a minimum
growth rate existed for the fixed condition. This
range of growth rates was decreased when the outer
flowincreasedat constantshear layer width. Atfixed
flow conditions, an increase in shear layer width
lowered the growth rates but the range of growth
rates changed little.

For a fixed impedance, flow condition, and mode
number, growth rate variations were calculated as
the wall height and Strouhal number were varied. In
general for all the flow conditions studied here, these

growth rate variations decreased when the imagi-
Mobs T als ok ok ass ok o ok ok os  nary part of the impedance was less than zero and

Duct Wall Height

™
o
Duct Wall Height

~N
0

5"°“E;)N“mb” increased when the imaginary part of the impedance
ST T T was greater than zero. With the varied combinations
S e A e of wall height, Strouhal number, flow conditions,

and wall impedance, a particular growth rate can be
higher or lower than the growth rate for a free jet
or for a jet in a hard wall duct. If it is desirable to
lower growth rates in general, then those modes and
frequencies that may tend to grow the most should
‘ ‘ ‘ : ‘ ‘ ‘ ‘ ‘ ; be reduced. Wall impedance values with negative
T T e imaginary values can be chosen to reduce the initial
growth rates of these modes.
Figure 13: Local growth rate contours as a function
of h and St for then = 1 mode of anis; = 2.0 REFERENCES
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w
0
w
o

Duct Wall Height
Duct Wall Height

NASA TM-107441 10



2. K. K. Ahuja, K. C. Massey, A. J. Fleming,
C. K. W. Tam, and R. R. Jones Ill. Acoustic
interactionsbetween an altitude test facility and
jet engine plumes — theory and experiments.
Technical Report TR-91-20, AEDC, 1992.

3. F. Q. Hu. The acoustic and instability waves
of jets confined inside an acoustically lined
rectangular ductJ. Sound Vih.183:841-856,
1995.

4. C. K. W. Tam and F. Q. Hu. The instability
and acoustic wave modes of supersonic mixing
layers inside a rectangular channél. Fluid
Mech, 203:51-76, 1989.

5. M. Zhuang, P. E. Dimotakis, and T. Kubota.
The effect of walls on a spatially growing su-
personic shear layePhys. Fluids A2:599—
604, 1990.

6. P.J. Morris and M. G. Giridharan. The effect of
walls on instability waves in supersonic shear
layers.Phys. Fluids A3:356-358, 1991.

7. K. Viswanathan.Turbulent Mixing in Super-
sonic Jets PhD thesis, Penn State University,
1991.

8. C. C. Chang and C. Y. Kuo. Instability of a
supersonic vortex sheet inside a circular duct.
Phys. Fluids A5:2217-2228, 1993.

9. K. Viswanathan, P.J. Morris, and G. Chen. Lin-
earinstabilitywaves in supersonic jets confined
in circular and non-circular ductsJ. Sound
Vib., 171:231-253, 1994.

10. C. K. W. Tam and D. E. Burton. Sound gener-
ated by instability waves of supersonic flows.
part 2. axisymmetric jets.J. Fluid Mech,
138:273-295, 1984.

11. M. D. Dahl. The Aeroacoustics of Supersonic
Coaxial Jets PhD thesis, Penn State Univer-
sity, 1994.

12. A. Michalke and G. Hermann. On the inviscid
instability of a circular jet with external flow.
J. Fluid Mech, 114:343-359, 1982.

13. M. E. GoldsteinAeroacousticsMcGraw-Hiill,
New York, 1976.

NASA TM-107441 11



Form Approved

REPORT DOCUMENTATION PAGE OMB No. 0704-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this
collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson
Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503.

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
May 1997 Technical Memorandum
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS

Effects of Acoustically Lined Cylindrical Ducts on Instability Waves in Confined
Supersonic Jets

6. AUTHOR(S) WU-505-62-52

Milo D. Dahl

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
REPORT NUMBER

National Aeronautics and Space Administration
Lewis Research Center E—10709
Cleveland, Ohio 44135-3191

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING/MONITORING
AGENCY REPORT NUMBER
National Aeronautics and Space Administration

Washington, DC 20546—0001 NASA TM-107441

AIAA-97-1600

11. SUPPLEMENTARY NOTES
Prepared for the Third Aeroacoustics Conference sponsored by the American Institute of Aeronautics and Astropautics and
the Confederation of European Aerospace Societies, Atlanta, Georgia, May 12-14, 1997. Responsible person, Milo D.
Dahl, organization code 2660, (216) 433-3578.

12a. DISTRIBUTION/AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Unclassified - Unlimited
Subject Category 34

This publication is available from the NASA Center for AeroSpace Information, (301) 621}-0390.

13. ABSTRACT (Maximum 200 words)

The pressure disturbances generated by an instability wave in the shear layer of a supersonic jet are studied for|an
axisymmetric jet inside a lined cylindrical duct. For the supersonic jet, locally linear stability analysis with duct wall
boundary conditions is used to calculate the eigenvalues and the eigenfunctions. These values are used to detgrmine the
growth rates and phase velocities of the instability waves and the radial pressure disturbance patterns. The study is
confined to the dominant Kelvin-Helmholtz instability mode and to the region just downstream of the nozzle exit \vhere

the shear layer is growing but is still small in size compared to the radius of the duct. Numerical results are used to study
the effects of changes in the outer flow, growth in the shear layer thickness, wall distance, wall impedance, and frequency.
Results indicate that the effects of the duct wall on shear layer growth rates diminish as the outer flow increases| Also,
wall reflections cause variations in growth rates depending on wall height and Strouhal number. These variationg are due
to the phase relationship between the outgoing and the reflected incoming pressure disturbances at the shear layer. The
growth rate variations can be reduced and the maximum growth rate minimized by keeping the imaginary part of the
impedance negative.

14. SUBJECT TERMS 15. NUMBER OF PAGES
13
Supersonic jets; Acoustic treatment; Instability waves; Ejectors; Confined jets 16. PRICE CODE
A03
17. SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT
Unclassified Unclassified Unclassified
NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89)

Prescribed by ANSI Std. Z39-18
298-102



